High-definition transcranial direct current stimulation (HD-tDCS) is a novel brain stimulation method that has high potential for use in language therapy for speakers with aphasia, due to its safety and focality. This study aimed to obtain foundational data on using HD-tDCS to modulate language processing in healthy speakers. Participants received stimulation either of Broca's area or of the left angular gyrus (20 min of anodal, cathodal, and sham stimulation on separate days), followed by naming and lexical decision tasks with single-word verb and noun stimuli. We found that cathodal stimulation over both Broca's area and the left angular gyrus increased naming speed for both verbs and nouns, challenging the traditional view of cathodal stimulation as suppressive or leading to decreased performance. The effect did not extend to the lexical decision task. Additionally, effects of specific stimulation types depended on the order of their administration, suggesting possible physiological carry-over and/or task novelty effects. These results are relevant to the application of HD-tDCS to enhance and direct neural plasticity in patients with neurogenic language disorders.
Introduction
It has been suggested that effects of behavioral speech-language therapy for neurogenic language disorders such as aphasia may be enhanced through brain stimulation (Holland & Crinion, 2012) . Preliminary data show that several types of brain stimulation are capable of modulating language processing.
Transcranial magnetic stimulation (TMS), a method that applies magnetic fields through a metal coil to induce electric current in focal brain areas and thus to cause neurons to fire action potentials, has been shown to modulate speech production and perception, as well as lexical, syntactic, and semantic processing, both in neurologically healthy subjects (Devlin & Watkins, 2007) and in persons with aphasia (PWA; Naeser et al., 2012) .
Similarly, transcranial direct current stimulation (tDCS), a method that delivers constant low current through electrodes on the scalp and, unlike TMS, is believed to modulate cortical excitability rather than directly cause neurons to fire (Stagg, 2014) , has been shown to modulate verbal fluency, picture naming, grammar learning, and other language functions in healthy subjects (Cattaneo, Pisoni, & Papagno, 2011; de Vries et al., 2010; Fertonani, Rosini, Cotelli, Rossini, & Miniussi, 2010; Holland et al., 2011; Iyer et al., 2005; Sparing, Dafotakis, Meister, Thirugnanasambandam, & Fink, 2008; Wirth et al., 2011 ; for a review, see Price, McAdams, Grossman, & Hamilton, 2015) and PWA (Baker, Rorden, & Fridriksson, 2010; Fiori et al., 2011; Flöel et al., 2011; Fridriksson, Richardon, Baker, & Rorden, 2011; Vines, Norton, & Schlaug, 2011; You, Kim, Chun, Jung, & Park, 2011 ; for a review, see Monti et al., 2013) . Hamilton, Peelle, & Grossman, 2015) . Like conventional tDCS, HD-tDCS is based on applying electric current in order to modulate neuronal excitability by acting on the resting membrane potential, affecting sodium and calcium channels, as well as NMDA receptors, and by possibly modulating synaptic activity (Stagg & Nitsche, 2011) . However, an important advantage of HD-tDCS over conventional "sponge" tDCS is its increased focality. HD-tDCS is capable of inducing more intensive electric fields at smaller target locations while leaving others relatively unaffected (Datta et al., 2009) , which may potentially be more effective than stimulating broader brain areas. Moreover, there is evidence of high safety and tolerability of HD-tDCS (Borckardt et al., 2012) .
These characteristics suggest a high potential for routine clinical use and warrant more research on how language processing can be modulated with HD-tDCS, both in the healthy population and ultimately in PWA and people with other language disorders. Similarly to traditional tDCS, HD-tDCS can be anodal (injecting positive charge into the target area and supposedly lowering the neural activation threshold through depolarization) or cathodal (injecting negative charge into the target area and supposedly increasing the neural activation threshold through hyperpolarization), although the dichotomy of anodal versus cathodal stimulation may be an oversimplification, especially for HD-tDCS (Garnett, Malyutina, Datta, & den Ouden, 2015) .
The present study applied HD-tDCS in neurologically healthy participants and targeted a specific aspect of language processing: lexical retrieval, tested with an overt naming task and a lexical (word/non-word) decision task. Lexical retrieval is the crucial prerequisite to performing both tasks, although they also involve other processes that are not shared (e.g., naming but not lexical decision requires articulation, etc.). We tested two grammatical classes of words: verbs and nouns. In one group of participants, we aimed to nonspecifically modulate lexical retrieval of both verbs and nouns, by targeting Broca's area, traditionally associated with a very wide range of speech and language functions (Hagoort, 2005; Thompson-Schill, 2005) . In the other group of participants, we aimed to specifically modulate verb processing by targeting posterior temporal/inferior parietal cortex.
Verbs have received special attention in many language treatments for aphasia (Bazzini et al., 2012; Thompson, Riley, den Ouden, MeltzerAsscher, & Lukic, 2013) because they determine what other words appear in a sentence, in what semantic roles, and in what order and grammatical form (such information is referred to as verb argument structure). For example, it is the argument structure of the verb to give that determines that a sentence containing this verb should include three arguments (participants): Anna gave a book to John. Thus, improvement of verb processing may contribute to general improvement of sentence production and comprehension, and it is of our interest to investigate whether brain stimulation can be used to specifically enhance verb processing, which is more complex than noun processing at a variety of levels (for a review, see Vigliocco, Vinson, Druks, Barber, & Cappa, 2011) . Enhancement is particularly relevant for verbs with more complex argument structure, such as a greater number of arguments, since those have been shown to present the greatest challenge both for healthy individuals (e.g., in grammatical class judgment in Rodríguez-Ferreiro, Andreu, & Sanz-Torrent, 2014 , and lexical decision, Rodríguez-Ferreiro et al., 2014 , and Shapiro, Brookins, Gordon, & Nagel, 1991 see, however, Thompson et al., 2007) and for PWA (e.g., in naming, Kim & Thompson, 2000 ; and sentence production, Kiss, 2000, and Thompson, Lange, Schneider, & Shapiro, 1997) . Aiming to specifically modulate verb processing, we targeted the left angular gyrus, since previous neuroimaging research suggests that this area is involved in the processing of verb argument structure. For example, den Ouden, Fix, Parrish, and Thompson (2009) showed activation of the left angular gyrus for naming two-argument verbs (e.g., to kiss, to stir) compared to one-argument verbs (e.g., to jump, to cough), and Thompson, Bonakdarpour, and Fix (2010) showed activation of the left angular gyrus in a lexical decision task when comparing threeargument verbs (e.g., to give, to invite) to oneargument verbs.
Previous studies have already made first attempts to specifically modulate verb processing with brain stimulation. Cappa, Sandrini, Rossini, Sosta, and Miniussi (2012) applied rTMS in healthy participants and found that rTMS over the left (but not right) prefrontal cortex specifically resulted in faster naming of verbs, but not of nouns, presumably due to the role of this region in the processing of action semantics. However, Fertonani et al. (2010) failed to replicate this effect with tDCS in healthy participants: in their study, anodal (but not cathodal) stimulation over the left dorsolateral prefrontal cortex resulted in faster naming of both actions and objects. Marangolo et al. (2013) applied tDCS in PWA and investigated the potential of left frontal versus temporal regions to modulate verb processing. They found that anodal tDCS over Broca's area improved verb-naming accuracy compared to anodal tDCS over Wernicke's area and sham; however, the study did not test noun naming and thus cannot exclude that the improvement was not specific to verbs. The present study aimed to add to this line of research by stimulating the left angular gyrus, a region that has received a lot of attention in neuroimaging research of verb processing in relation to the complexity of verb argument structure representations (see above) but has not yet been addressed by brain stimulation research, and by testing performance on both verbs and nouns in order to investigate the specificity of effects, which was not possible in Marangolo et al. (2013) .
To summarize, we hypothesized that stimulation of the left angular gyrus would specifically affect verb processing, in particular for more linguistically complex verbs (verbs with a greater number of arguments), whereas stimulation of Broca's area would nonspecifically affect lexical retrieval of both verbs and nouns. We hypothesized that effects would occur at the level of retrieval of lexical items from the mental lexicon and thus be present in both naming and lexical decision tasks, rather than depend on whether the task involves overt speech/articulation processes (naming) or not (lexical decision).
In the case of task-specific effects, it is likely that processes other than lexical retrieval are affected by the stimulation; that is, visual processing, object recognition, conceptual/semantic processing, phonological and articulatory planning, and speech motor execution in the naming task, versus reading, response selection, and hand-motor execution in the lexical decision task.
Since HD-tDCS is a novel method, an additional purpose of the study was to obtain more data on its safety and tolerability.
Materials and Methods

Participants
Twenty-seven healthy volunteers participated in the study (14 females; mean age 22.1, SD 3.2, range 18-31 years; mean number of years of formal education 15.6, SD 2.8, range 12-24). All participants were right-handed and native speakers of American English. All participants had normal or corrected-to-normal vision and hearing and no reported history of neurological, psychiatric, speech, or language disorders. The study was approved by the University of South Carolina Institutional Review Board. Informed consent was obtained from all individual participants included in the study.
Design
The stimulation target was left-hemisphere Broca's area in 14 participants (7 females; mean age 22.9, SD 4.0, range 19-31 years; mean number of years of formal education 15.4, SD 2.9, range 12-23; 12 white Caucasians, 1 white Hispanic, 1 Native Hawaiian) and the left angular gyrus in 13 participants (one dropped out of the study due to adverse effects after first session; thus, data of 13 participants were analyzed: 7 females; mean age 21.2, SD 1.8, range 18-29; mean number of years of formal education 15.8, SD 2.9, range 13-24; 12 white Caucasians, 1 Asian).
Participants were randomly assigned to one of the two groups. Each participant received anodal, cathodal, and sham stimulation, at similar times of day, with a minimum interval between stimulation sessions of 24 hr (mean number of days 2.8, SD 3.0, range 1-10). The order of stimulation sessions was maximally counterbalanced across participants. Participants were blinded to their stimulation target and the order of stimulation types. All participants whose data are included into analysis completed all three sessions.
Procedure
Before stimulation, participants were familiarized with the experimental tasks: they received instructions and examples and completed a short practice session of each task (lexical decision, action naming, and object naming in the order in which they were to be administered after stimulation in the participant; practice stimuli did not overlap with experimental stimuli). Feedback was given during practice. Participants were then administered 20 min of stimulation, during which they performed a non-language distraction task (silently working on a jigsaw puzzle). Participants were asked to verbally rate pain and unpleasantness separately at 0.5, 10, and 19.5 min after stimulation onset on a scale from 1 (no pain/no unpleasantness) to 10 (very strong pain/very strong unpleasantness). Two experimental language tasks were performed immediately after the stimulation; the order of tasks was maximally counterbalanced across participants.
Stimulation setup
HD-tDCS was administered through an MxN HDtDCS stimulator (Soterix Medical, New York, NY) with Ag/AgCl HD electrodes (Minhas et al., 2010) placed into an MCN-system (10-10) EEG cap (size 56 or 58, EASYCAP, Herrsching, Germany) and stabilized with HD electrode holders (Soterix Medical, New York, NY) filled with conducting gel (SignaGel, Parker Laboratories, Fairfield, NJ). A small amount of benzocaine gel (Lanacane brand) was applied to the skin to reduce any uncomfortable sensations. Lanacane has been routinely used to reduce discomfort during HD-tDCS (e.g., Guleyupoglu et al., 2014) . Although it cannot be completely ruled out that any systemic effects caused by the mechanism of action of Lanacane can potentially interfere with effects of HD-tDCS (Scholz, 2002) , the dosing in the present study was sufficiently low to consider this possibility as unlikely.
Electrode montages were chosen using HDTargets TM and HD-Explore TM software (Soterix Medical, New York, NY) and are presented in Table  1 and Figure 1 . For the left Broca's area stimulation, we targeted MNI coordinates (-49, 16, 24) , which correspond to average peak coordinates in a metaanalysis of sentence processing (Vigneau et al., 2006) . For the left angular gyrus stimulation, we targeted MNI coordinates (-27, -57, 51), corresponding to the peak activation associated with complex verb processing in (den Ouden et al., 2009) . For sham, stimulation was also administered for the entire 20 min but in a montage where the current was modeled to bypass the cortex (Davis, Gold, Pascual-Leone, & Bracewell, 2013; Kessler, Turkeltaub, Benson, & Hamilton, 2012; Richardson et al., 2014) . Electrodes were placed in proximal pairs so that the current was flowing in and out at adjacent electrodes. To better disguise sham by having equal numbers of electrodes on the participant's scalp across stimulation types, anodal and cathodal setups included two additional electrodes that did not administer any current.
Tasks and Stimuli
Each participant performed a naming task and a lexical decision task. Order of task administration was counterbalanced across participants. E-Prime software (Psychology Software Tools, Sharpsburg, PA) was used for stimuli presentation and data recording.
Naming task. Participants were shown black-andwhite line drawings on a computer screen and were instructed to name them overtly in single words. Drawings were presented for 3 s with an interstimulus fixation cross (1.5 s). Stimuli included 60 pictures of objects to elicit nouns (e.g., shirt, harp) and 60 pictures of actions to elicit verbs, which differed on their argument structure: 30 among them had one argument (i.e., referred to actions not requiring an object, e.g., to laugh, to pray), and 30 had two arguments (i.e., referred to actions requiring an object, e.g., to chase, to grill).
Pictures were taken from a Russian database of action pictures (Akinina et al., 2015) and their English names were normed in a preliminary survey, completed by 61 participants without reported history of neurological, psychiatric, speech, or language disorders (43 females; mean age 33.5, SD 12.8, range 17-66 years). Only items with name agreement greater than 70% were included in the experimental materials (mean 91.6%, SD 8.0%, range 70-100%).
Nouns, one-argument verbs, and two-argument verbs were matched on their length in phonemes and syllables, name agreement, as well as lexical frequency and familiarity ratings obtained from the MRC Psycholinguistic Database (Coltheart, 1981) . One-argument and two-argument verbs were also matched on the number of objects present in the picture (to ensure that any differences between the two conditions were linguistic/representational, rather than perceptual in nature) and on the percentage of their verb use (to account for any effects of verb-noun homonymy, such as to hammer -a hammer), estimated by manually counting types of use in 100 random contexts from the Corpus of Contemporary American English (http://corpus.byu.edu/coca/). Stimuli were split, to be used in three sessions (20 nouns, 10 one-argument verbs, and 10 twoargument verbs in each), balanced on the same parameters. Noun and verb stimuli were presented separately, to ensure clarity of whether an action or an object needed to be named. The order of noun/verb naming was counterbalanced and the order of items within verbs/nouns was randomized. In each session, the naming task took approximately three minutes to complete.
Lexical decision task. Participants were presented with strings of letters on a computer screen and instructed to press one button for real English words and another button for non-words. Strings of letters were presented for 1.2 s with an interstimulus fixation cross (0.5 s). Stimuli included 90 nouns (e.g., price, word), 90 verbs (verbs differed on their argument structure: 30 had one argument, e.g., swear, wait; 30 had two arguments, e.g., produce, conduct; and 30 had three arguments, that is, referred to an action requiring a direct and an indirect object, e.g., send, provide) and 360 pronounceable non-words (e.g., mipe, assect). Nonwords were constructed by recombining pronounceable segments of real words.
Nouns and the three verb types were matched on lexical frequency and imageability obtained from the MRC Psycholinguistic Database (Coltheart, 1981) , orthographic neighborhood (Medler & Binder, 2005) and length in letters and syllables. Words and nonwords were matched on length in letters and syllables and orthographic neighborhood. The three verb types were matched on the percentage of their verb use (to account for the effects of verb-noun homonymy).
Stimuli were split, to be used in three sessions (30 nouns, 10 verbs of each type, and 120 non-words in each), balanced on the same parameters. The order of stimuli was randomized within each session. In each session, the lexical decision task took approximately five minutes to complete.
Data Analysis
Statistical analysis was performed in the SPSS 22.0 software (SPSS Inc., Armonk, NY).
Pain and unpleasantness ratings were analyzed in two repeated-measures ANOVAs with Stimulation Site as a between-subjects variable and Timepoint and Stimulation Type as within-subject variables.
For the naming task, the analyzed outcomes were the percentage of accurate responses (responses were scored as accurate if given for a picture by at least two respondents in preliminary surveys), number of self-corrections and average reaction time (RT; i.e., time until response onset, based on visual analysis of the speech signal in Praat software [Boersma, 2001] ). For the lexical decision task, the outcome measures were the percentage of accurate responses and average RT.
Since accuracy and reaction times are typically skewed, they were log-transformed to approach the normal distribution, as is widely conventional for both of these outcome measures (Bartlett, 1947; Baayen & Milin, 2010; Hoyle, 1973) .
For each outcome measure, analysis was performed over average values per condition per participant (i.e., data were aggregated across individual trials). We used the "linear mixed-effects" (MIXED) procedure in SPSS 22.0 with Subject as a random factor, one between-subject variable: Stimulation Site (Broca's area, the left angular gyrus), and three within-subject variables: Linguistic Condition (noun, one-argument verb, two-argument verb, and threeargument verb, where present), Stimulation Type (anodal, cathodal, sham) and Session Number (1, 2, 3), with subsequent pairwise comparisons for significant effects. Session number was included into the model in order to statistically account for any practice effects (such as participants getting better at the task across sessions due to experience) and to allow us to include the maximum number of participants whose data were collected, rather than to have to limit the analysis to exactly equal sample sizes assigned to each order of session administration (since the numbers of participants completing stimulation in each order were maximally counterbalanced but not exactly the same).
Since the above analysis consistently revealed interactions between Session Number and Stimulation Type (see section 3.2 below), we concluded that there may exist carry-over effects between sessions. Therefore, we conducted a post hoc and complementary exploratory analysis limited to the data from each participant's first session only, which cannot be subject to any carry-over effects. Due to the smaller number of observations in this exploratory analysis, we performed separate Kruskal-Wallis tests for each linguistic condition with Stimulation Type as a between-subjects factor, followed-up by Bonferroni-corrected Mann-Whitney U tests for pairwise comparisons.
Results
Safety, Tolerability and Sham Masking
Mean pain and unpleasantness ratings are presented in Table 2 .
Repeated-measures ANOVAs revealed that pain, F(2,24) = 18.26, p < .001, and unpleasantness, F(2,25) = 37.23, p < .001, subsided within session, with significant reduction both from first to second and from second to third time points. Neither pain nor unpleasantness was significantly affected by stimulation target or type. Figure 2) ; and Stimulation Type, F(2, 137.95) = 6.59, p = .002, with anodal and sham stimulation yielding slower reaction times than cathodal stimulation, p = .001 and p = .008 respectively (see Figure 3) . The analysis also revealed the following interactions: a two-way Stimulation Type by Session Number interaction, F(4, 136.87) = 2.88, p = .025, and a three-way Stimulation Site by Stimulation Type by Session Number interaction, F(6, 67.82) = 3.58, p = .004, indicating that the effects of stimulation types were modulated by the order in which they were administered, and that this modulation varied between stimulation sites (see Figure 4a -b); no other interactions were significant. To follow up on the significant three-way Stimulation Site by Stimulation Type by Session Number interaction, we "sliced" the interaction by Stimulation Site and performed separate analyses of naming reaction times in the Broca's area group and the angular gyrus group. In the Broca's area group, we found a main effect of Linguistic Condition, F(2, 68.72) = 44.88, p < .001, with two-argument verbs having slower reaction times than one-argument verbs, p = .019, and those in turn having slower reaction times than nouns, p < .001; a trend for an effect of Session Number, F(2, 67.84) = 2.49, p = .088, with reaction times becoming slower across sessions; a trend for an effect of Stimulation Type, F(2, 71.74) = 2.52, p = .087, with anodal and sham stimulation having slower reaction times than cathodal stimulation, p = .061 and p = .059 respectively (see Figure 3a) ; and a two-way Stimulation Type by Session Number interaction, F(4, 71.35) = 5.63, p = .001, indicating that the effects of stimulation type were modulated by the order in which they were administered (see Figure  4a) ; no other factors or interactions were significant. In the angular gyrus group, we found a main effect of Linguistic Condition, F(2, 52.55) = 46.36, p < .001, with two-argument verbs having slower reaction times than one-argument verbs, p < .001, and those in turn having slower reaction times than nouns, p < .001; and a main effect of Stimulation Type, F(2, 63.34) = 4.80, p = .011, with anodal stimulation and, at the level of a statistical trend, sham stimulation having slower reaction times than cathodal stimulation, p = .003 and p = .058 respectively (see Figure 3b) ; no other factors or interactions were significant. For lack of statistical power, we did not follow up any further on the interactions between Stimulation Type and Session Number within the two stimulation sites, but Figure 4a -b provide a visual illustration of these effects, which were not uniform between the two sites.
In order to assess the effects of stimulation without interference from potential carry-over effects, we conducted a complementary analysis, limited to the participants' first sessions and separately for the two stimulation sites. For these data, a Kruskal-Wallis test did not reveal an effect of Stimulation Type on the accuracy or number of self-corrections in nouns or verbs in either the Broca's area or the angular gyrus group. For mean RTs in the Broca's area group (see first group of bars in Figure 1a ), a Kruskal-Wallis test revealed trends towards an effect of Stimulation Type for both nouns, χ 2 (2) = 5.23, p = .073 (driven by anodal stimulation having slower RTs than cathodal stimulation, p = .026), and verbs, χ 2 (2) = 5.57, p = .062 (driven by anodal stimulation having slower RTs than sham, p = .033). For mean RTs in the angular gyrus group (see first group of bars in Figure 1b) , there was a trend towards an effect of Stimulation Type for nouns, χ 2 (2) = 5.09, p = .078 (driven by cathodal stimulation having faster RTs than anodal stimulation, p = .026); the speed-up of RTs for cathodal stimulation compared to sham did not reach significance, p = .134. There was no effect of Stimulation Type for verbs, χ 2 (2) = 1.53, p = .465.
Lexical decision task.
One participant was excluded from analysis due to non-compliance with the task. After excluding him, the accuracy on the lexical decision task was 93.4% (SD 4.7%, range 72.8-99.4%). The analysis revealed a main effect of Linguistic Condition, F(4, 128.23) = 2.71, p = .033, driven by nouns having higher accuracy than oneargument, p = .040, two-argument, p = .090, and three-argument, p = .009, verbs and by non-words having higher accuracy than three argument verbs, p = .045; and a two-way Stimulation Type by Session Number interaction, F(4, 144.05) = 3.99, p = .004, indicating that the effects of stimulation type were modulated by the order in which they were administered (see Figure 4c-d) ; no other factors or interactions were significant.
Mean reaction time was 647 ms (SD 81 ms, range 491-826 ms). The analysis revealed a two-way
Stimulation Type by Session Number interaction, F(4, 264.85) = 6.93, p < .001, indicating that the effects of stimulation type were modulated by the order in which they were administered (see Figure  4e -f); no other factors or interactions were significant.
For data from the first session only (see first groups of bars in Figures 4c-f) , Kruskal-Wallis tests revealed no effects of Stimulation Type on accuracy or mean RTs in any linguistic condition in either the Broca's area or the angular gyrus group.
Discussion
The present study is one of the first to apply the novel HD-tDCS method to modulate language processing, and specifically the lexical retrieval of nouns and verbs of varied argument structure complexity. We administered anodal, cathodal, and sham stimulation, targeting Broca's area in one group of neurologically healthy participants and the left angular gyrus in the other group, followed by a naming and a lexical (word/non-word) decision task.
Consistent with the existing psycholinguistic literature, we found that linguistic characteristics of the stimuli affected participants' performance. In the naming task, participants were slower in naming two-argument verbs than one-argument verbs, which in turn were named more slowly than nouns; in the lexical decision task, participants were more accurate for nouns than for verbs, especially the most complex (three-argument) verbs. This adds to the evidence of higher complexity of verb than noun processing (Vigliocco et al., 2011) and of higher complexity of verbs with a greater number of arguments (Kim & Thompson, 2000; Kiss, 2000; Rodríguez-Ferreiro et al., 2014; Shapiro et al., 1991; Thompson et al., 1997) . Importantly, these findings indicate that the experimental task was valid and drew on the processes of lexical retrieval in an expected way. From a psycholinguistic perspective, these results indeed confirm that the complexity effects are generated at the level of lexical retrieval, as that is the process that is shared between the two tasks.
However, contrary to our original hypotheses about the effects of stimulation on particular linguistic conditions, we did not find that the stimulation over the left angular gyrus specifically affected processing of verbs and/or showed a greater effect for verbs with more complex argument structure: the analysis revealed no significant interactions of stimulation type or site with linguistic condition.
Thus, the present study failed to demonstrate that activation of the left angular gyrus during verb argument structure processing in previous neuroimaging research is due to the area being necessary for verb processing, rather than being merely involved but not crucial for it, which is the limit of what functional neuroimaging research has the potential to show. Lack of verb-specific effects is in line with the results by Marangolo et al. (2013) and Fertonani et al. (2010) , who also demonstrated effects of brain stimulation to extend across verbs and nouns. To the best of our knowledge, the rTMS experiment by Cappa et al. (2002) remains the only study that demonstrated any effects specific to verb processing in the context of brain stimulation.
Instead, the primary finding with regard to main effects of stimulation was that cathodal stimulation both over Broca's area and, at the level of a statistical trend in the pairwise comparison to sham, over the left angular gyrus made participants faster on the naming task across both nouns and verbs of varied argument structure complexity; no significant differences were found between anodal stimulation and sham.
Quite similarly, in the exploratory analysis of the data subset limited to each participant's first session and thus free from any carry-over effects, anodal stimulation over Broca's area led to slower naming relative to both sham and cathodal stimulation (at the level of a statistical trend). Cathodal stimulation over the left angular gyrus increased the naming speed relative to anodal stimulation (at the level of a statistical trend; an increase in speed relative to sham was similar in size but did not reach significance). This challenges the conclusions of previous tDCS literature with regard to directions of behavioral effects of anodal and cathodal stimulation.
With tDCS, anodal stimulation over language-related areas has been traditionally associated with increases in language performance in healthy individuals (Cattaneo et al, 2011; Fertonani et al., 2010; Iyer et al., 2005; Wirth et al., 2011) , while cathodal stimulation over language-related areas has been associated with decreased performance (Liuzzi et al., 2010) , contrary to our findings. Nonetheless, other effects (e.g., positive effect of cathodal stimulation or lack of effect of anodal stimulation, as in the present study) have been demonstrated before. For example, in a pattern identical to our findings, Filmer et al. (2013) demonstrated improved multitasking performance following cathodal tDCS over the left posterior lateral prefrontal cortex, whereas performance following its anodal stimulation did not differ significantly from sham. Likewise, Pirulli, Fertonani, and Miniussi (2014) demonstrated improved performance in a visual task following cathodal tDCS over the primary visual cortex. Such reports are less numerous but this may partially be due to reporting bias and lack of publishing of null results.
To account for the apparent discrepancy noted above, we point out that facilitatory or detrimental effects of anodal and cathodal stimulation (or lack thereof) may greatly depend on the specific task, stimulation target, electrode montage, current intensity and stimulation duration . For example, Batsikadze, Moliadze, Paulus, Kuo, and Nitsche (2013) show that the direction of tDCS effects in the motor domain (excitatory versus inhibitory) may vary depending on current intensity and also suggest that effects of stimulation duration may be nonlinear for intensities greater than 1 mA, as in the present experiment. Pirulli et al. (2014) also show effects of duration and intensity on the behavioral effect of anodal versus cathodal polarity in the visual domain. Thus, it is worth noting that some of the previous reports of enhancing language performance with anodal tDCS or decreasing language performance with cathodal stimulation over language-related areas used either smaller current intensities (1 mA in Liuzzi et al., 2010, and de Vries et al., 2010; 1.5 mA in Wirth et al., 2011) or other stimulation durations (8 or 10 min in Fertonani et al., 2010; 30 min in Wirth et al., 2011) than in the present study. The discrepancy may also be due to specific tasks (word learning in Liuzzi et al., 2010 , verbal fluency in Cattaneo et al., 2011 , and Iyer et al., 2005 , stimulation target (left motor cortex in Liuzzi et al., 2010) and electrode montages (such as positioning of the reference electrode), as well as, importantly, to a possible difference in effects of stimulation administered through conventional sponge tDCS and HD-tDCS, the latter having more focal targeting.
Another factor that may have affected the outcome of stimulation is the nature of the task administered during stimulation. Contrary to TMS, tDCS is not considered to induce an action potential, but rather to bring depolarization closer to or further away from the threshold of neural firing.
That is, it is considered to "prime" neurons for activation, rather than to induce activation directly. For that reason, it might be expected that task-related involvement of neurons during their stimulation with tDCS may be less relevant than in the case of TMS, where actual neural firing patterns may be reinforced in association with a particular task. This notion, together with the fact that we preferred to keep our outcome-measure tasks "fresh" and thus to avoid ceiling effects or fatigue, led us to use a nonlinguistic task during stimulation that was deliberately unrelated to our outcome measures (similarly to, e.g., Cattaneo et al., 2011) . Nevertheless, recent advances suggest that tDCS may indeed preferentially modulate neural networks that are active during stimulation (Bikson & Rahman, 2013; Gill, Shah-Basak, & Hamilton, 2015) . It is possible, therefore, that stimulation effects might be modified if we had used a task that was more closely related to our object of investigation, that is, lexical retrieval and production. In addition, the strength of the behavioral effects of HD-tDCS may have been affected by the time point at which outcome measures were tested, relative to stimulation offset. Recently, Hoy et al. (2013) found that effects of anodal tDCS over the left prefrontal cortex were greater at 40 min post-stimulation compared to 0 min, which was the testing point in the present study.
Contrary to that report, however, other evidence suggests that effects may be the strongest immediately post-stimulation (e.g., Fujiyama et al., 2014) . So, while the test-timing issue must be considered unresolved at this point, it should be noted that it may have been a factor affecting our behavioral data. These observations again suggest that a larger body of comparable basic research is needed in order to account for apparent inconsistencies in findings Horvath, Forte, & Carter, 2015) .
The effects of anodal and cathodal stimulation on naming reaction times were the same for stimulation over Broca's area and the left angular gyrus. We did find that participants in the Broca's area group were generally slower in naming than participants in the left angular gyrus group across stimulation types. However, since no interactions were observed between the effects of stimulation type and stimulation site, slower naming in the Broca's area group is likely due to individual variability, which occurred by chance even though the two groups had similar ages and education levels, rather than to differential stimulation effects.
Main effects of stimulation were limited to the naming task and were not observed in the lexical decision task, in either the primary analysis of the full data set or the exploratory analysis limited to data from participants' first sessions only. One account for this is that lexical decision may simply be a less "natural" task than naming, yielding higher individual variability and thus providing less power to detect any group effects. However, also given the absence of interactions between stimulation (type or site) and linguistic categories, it is more likely that the difference in outcomes is due to the qualitatively different cognitive and linguistic processes involved in the two tasks. Compared to lexical decision, naming involves the additional components of visual processing, object recognition, conceptual/semantic processing, phonological and articulatory planning, and speech motor execution-modulation of any of which could have contributed to the observed effect of stimulation. Many previous studies into the impact of tDCS on language processing have used naming tasks similar to that used in the present study, so it may be considered a fairly standard outcome measure for language studies (Fertonani et al., 2010; Holland et al., 2011; Sparing et al., 2008; Wirth et al., 2011; etc.) . However, while naming is certainly an ecologically valid and functionally relevant task that has a potential both as an outcome measure and as a target for aphasia treatment, investigation of effects of stimulation on more diverse linguistic tasks could shed more light on the nature of observed effects (i.e., which specific linguistic sub-processes are modulated by stimulation of focal brain regions).
Besides the increase in naming speed under conditions of cathodal stimulation over Broca's area and the left angular gyrus, another significant finding of the study was the interaction between session number and stimulation type, indicating that the effect of anodal and cathodal stimulation varied depending on whether these stimulation types were administered in participant's first, second, or third session. We originally introduced the factor of session number into the statistical model in order to account for any main effects of task practice over time. No such main effects of session number were observed, but it did consistently modulate the effect of stimulation across outcome measures and tasks (in naming reaction times, lexical decision accuracy, and lexical decision reaction times). Since our study was not originally designed to investigate any such interactions, it did not have enough power to more specifically explore how stimulation effects differed in the first, second, and third session. More research is warranted that would investigate this question by having large sample sizes in stimulation order groupings. One potential account for the emerging interaction of stimulation type and order may be that stimulation effects are modulated by task novelty, consistent with findings by Dockery, Hueckel-Weng, Birbaumer, and Plewnia (2009) who showed that effects of tDCS in a planning task (the Tower of London) were specific to the training phase. However, in the present study the interaction was found not only in the lexical decision task, which was likely novel to most or all participants in their first session, but also in the more "natural" naming task. Thus, a more likely possibility is that the interactions reflect physiological carry-over effects between stimulation types. So far, prolonged effects of tDCS have typically been reported after administration of multiple stimulation sessions (Brunoni et al., 2012; Olma et al., 2013) . However, it is possible that multiple sessions are only necessary in order for behavioral effects to last without further stimulation, whereas if a different type of stimulation is administered as a follow-up, its effects may be modified even by a single previous administration of stimulation.
These findings have important implications for the field: first, they call for further research on the duration of HD-tDCS effects; but also, they have implications for design of further research that is not focused on long-lasting effects. In this case, between-subjects designs where each participant only receives one stimulation type may possibly be a better choice than within-subject (e.g., cross-over) designs, until more is known about the effects of different stimulation polarities on one another.
Since HD-tDCS is a novel method, an additional aim of the study was to obtain more information on the method itself. The findings add to the evidence of high safety and tolerability of HD-tDCS (Borckardt, 2012; . Participants gave relatively low pain and unpleasantness ratings and these subsided within a 20-min session at 2 mA. Only one participant possibly experienced short-term side effects. This suggests good tolerability and thus a high potential for routine clinical use of HDtDCS.
Conclusions
We found that cathodal stimulation over both Broca's area and the left angular gyrus increased naming speed for both verbs and nouns, challenging the traditional view of cathodal stimulation as suppressive or leading to decreased performance. The effect did not extend to the lexical decision task. Additionally, effects of specific stimulation types depended on the order of their administration, suggesting possible physiological carry-over and/or task novelty effects. These results are relevant to the application of HD-tDCS to enhance and direct neural plasticity in patients with neurogenic language disorders.
